Cross-polarized magic-angle-spinning NMR (CPMAS-NMR) techniques are assumed to be only semi-quantitative in the assessment of carbon distribution in humic substances or natural organic matter, due to a number of interferences such as spinning side bands (SSB) in spectra, paramagnetic species in samples, and low or remote protonation of aromatic carbons. Fast rotor spin rates or direct polarization NMR techniques are normally applied to improve quantitative signal detectability. Variable contact time pulse sequences were used here to obtain CPMAS-NMR spectra of organic compounds of known structure and different humic substances. Integration of spectral areas, previously subtracted of SSB, and relative stoichiometric factors were used for mathematical elaboration to calculate the elemental content in samples. These values did not significantly differ from those obtained by direct determination of elemental content with quantitative elemental analysis. Our results showed that the carbon observed CPMAS-NMR provides a quantitative representation of the whole carbon content in humic substances. # 2002 Elsevier Science (USA)
INTRODUCTION
Solid-state nuclear magnetic resonance (NMR) spectroscopy on 13 C is a very powerful tool to study both lignins and humic substances (HS) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . It provides direct information on the structural and conformational characteristics of the humic carbon backbones, thereby supplying information on the interactions of organic and inorganic pollutants with HS [15] [16] [17] [18] [19] [20] , and on the turnover of organic matter in soils [21] [22] [23] .
The solid-state NMR techniques most commonly applied to HS are crosspolarization (CP-) and direct-polarization (DP-)/magic-angle-spinning (MAS) spectroscopies [1, 3, 9] . Excitation of 13 C through protons provides CPMAS-NMR spectra with a high signal-to-noise (S/N) ratio in only few hours [1, 3, 6] . However, their quality may be limited by paramagnetic components present in HS, by side 1 To whom correspondence should be addressed. Fax: +390817755130. E-mail: alpiccol@unina.it. 158 0926-2040/02 $35.00 bands, which reduce the intensity of center bands, and by baseline distortions due to dead time at the start of the signal detection. These factors lower and broaden NMR signals and are believed to induce an underestimation of the carbon content [1, 6, 9] . A non-quantitative evaluation of quaternary or poorly protonated carbons is normally attributed to slow rates of cross polarization from the few bonded or remote protons [24, 25] . Since cross-polarization arises through dipole-dipole interactions [24] [25] [26] , the steric arrangement of HS components and the spatial orientation of protons relative to carbons also affect the quantitative reliability of CPMAS-NMR spectra [26] .
Direct polarization (DP), or Bloch decay (BD), with MAS is believed to provide quantitative measurements of carbon content in HS [1, 9, [12] [13] [14] , since it is based on the direct irradiation of the 13 C present in HS. However, the low relative abundance (ffi 1%) retards the acquisition times [1] , and reliable DPMAS spectra can only be obtained with at least 25 h of spectral accumulation [12, 13] . Moreover, the presence of paramagnetic species in HS can still considerably reduce the quantitative significance of DPMAS spectra [27, 28] .
A quantitative estimate of elemental content in ash-free HS by DPMAS-NMR, corrected by pulse sequences for total suppression of side bands (CP/T1-TOSS), has been recently reported [14] . It was found that the carbon content calculated by NMR was comparable with that measured by elemental analysis, whereas the measured content of protons was always higher than that calculated by NMR. The discrepancy in the proton evaluation was attributed to different factors such as excessive approximation of the stoichiometric parameters applied for calculation, unreliable corrections by CP/T1-TOSS, and non-ideal setting of NMR parameters.
As for CPMAS-NMR spectroscopy, the assumption of its limitation in providing quantitative spectra of HS is either theoretically based [29] or derived from results on chemically complex HS for which only conventional experiments were applied. Cross-polarized NMR spectra are conventionally obtained with 1 ms of a contact time [1, 12, 13, 30] , whereas a maximization of the quantitative reliability of CPMAS-NMR spectra of HS is obtained through variable contact time (VCT) pulse sequences [4, 5, 31] preceded by a 2 h rotor spinning to stabilize sample packing (unpublished results).
The aim of this work was to verify whether CPMAS-NMR spectra can quantitatively describe the carbon distribution on both molecules of known structure and HS. To achieve this objective, CPMAS-NMR spectra were obtained by applying the 2 h rotor pre-spinning and VCT pulse sequences. Spectral results were elaborated with the method used by Mao et al. [14] for DPMAS-NMR spectra.
EXPERIMENTAL

Solid-State NMR Spectroscopy
A number of organic molecules of known structure were used as standards to obtain CPMAS 13 C NMR spectra (Table 1) . CPMAS 13 C-NMR experiments were also performed on humic acids (HA) isolated as reported elsewhere [23] from (1) 13 C and a rotor spin rate of 5000 AE 10 Hz were used for CPMAS 13 C NMR experiments. A recycle time of 1 s and an acquisition time of 23 ms were used. All experiments were conducted with a variable contact time pulse sequence as described previously [4, 5] . The rotor filled with sample was allowed to spin for 2 h before each VCT experiment in order to stabilize sample packing and improve field homogenization . The integral regions in the spectra of the standards were chosen case by case as discussed below. All the integral regions were also corrected for the areas of spinning side bands (SSBs) when they appeared in the spectra. Each SSB area was subtracted from that of the region in which it appeared and added to the area of the center band.
Elemental Composition: Experimental Determination and NMR Calculation
Elemental composition (C, H, N) for standard molecules and HA was experimentally determined by an Interscience EA1108 elemental analyzer.
Equation (1) [1, 29] was used to calculate the maximum signal intensity for each spectral region in the absence of any relaxation (I 0 ) for the spectra of standards and humic samples:
where a ¼ 1 À T CH =T 1r ðHÞ; t CP is the contact time, and IðtÞ is the signal area at the tth contact time. T CH and T 1r ðHÞ are the cross-polarization times between protons and carbons, and proton spin-lattice relaxation time, respectively. The basic condition of CPMAS 13 C NMR spectroscopy is T 1r ðHÞ > T CH [1, 29] . This was also the restriction imposed to obtain I 0 values by a Sigma Plot Scientific Graph System 1.01 from Jandel Scientific. Starting values of I 0 , T CH and T 1r ðHÞ for the mathematical iterations were varied to keep a calculated relative standard deviation lower than 6%.
I 0 values were used in the mathematical procedure described by Mao et al. [14] . In contrast to these authors, who assessed the quantitative reliability only for deconvoluted DPMAS spectra, we evaluated the quantitative significance of nondeconvoluted CPMAS-NMR spectra after having spun the rotor filled with sample for 2 h before each spectrum acquisition. The content of elemental C, H, and the heteronuclei (O, N, S, Na) in samples was obtained by using a stoichiometric factor assigned to each signal region (Table 1 ) and its relative area in the CPMAS-NMR spectra. The relative areas ðp i Þ were calculated by dividing the I 0 value of each spectral region (indicated as I 0i ) by the sum of all the I 0i values:
The stoichiometric ratio such as C:H:heteronuclei represents the relative elemental abundance in molecular groups, which are assumed to resonate in the different spectral regions [14] . Both the I 0 values and stoichiometric factors can be combined as follows:
Cð%Þ ¼ ð1200=DÞ Â 100; ð3Þ
where n
and n
Hetero i
are the elemental abundance of protons and heteroatoms, respectively, p i is the relative spectral area, and
pi is a normalization factor. In Eqs. (3)- (5), the numerator is the relative atomic weight, whereas the denominator is related to the molecular weight of sample. The 1200 figure in Eq. (3) represents the atomic weight of carbon multiplied by 100, assuming that 100% of C is observed in CPMAS 13 C NMR spectra [14] . Numbers 1 and 16 in Eqs. (4) and (5) refer to the atomic weights of H and O, respectively. Since oxygen is one of the main constituents of HS [32] , higher importance was given to that element rather than to nitrogen or other minor constituents. However, when a minor constituent had to be considered in both standard and humic materials, its weight was transformed into an oxygen equivalent by dividing the atomic weight of the minor constituent by that of oxygen.
RESULTS AND DISCUSSION
The stoichiometric ratios expressed as the relative number of elemental protons and heteronuclei, as well as the related NMR integrated regions which were used to calculate the elemental composition from NMR spectra of either standard molecules or HS are reported in Table 1 . The CPMAS 13 C NMR spectrum of glycine (Gly) consists only of two sets of signals (Fig. 1A) . The 97-257 ppm region was attributed to the COOH group and its side bands, whereas the 0-78 ppm region was assigned to the methylene carbon. The stoichiometric ratio for the COOH group is 1C:1H:2O, while that for the NH 2 CH 2 -group is 1C:4H:1N. The elemental numbers for H and O attributed to the COOH spectral region are 1 and 2, respectively (Table 1) , and correspond to the stoichiometric ratio of hydrogen to oxygen in the carboxyl group. In order to provide an elemental number for N in the NH 2 CH 2 -group, which could account for the stoichiometric ratio of the 0-78 ppm region, a correction was achieved by dividing the atomic weight of nitrogen by that of oxygen, thereby obtaining a value of 0.9. Hence, the elemental factors for H and the heteronucleus (N) in the stoichiometric ratio of the CH 2 NH 2 -group are 4 and 0.9, respectively (Table 1) .
Pyrogallol provides a CPMAS-NMR spectrum containing four bands (Fig. 1B) . The 148-136 ppm region was attributed to phenolic C1 and C3 carbons, the 136-125 ppm interval was due to the phenolic C2 carbon, the 125-113 ppm region was assigned to C5, and the spectral region ranging between 113 and 106 ppm was attributed to C4 and C6. The stoichiometric ratio for the phenolic groups is 1C:1H:1O, whereas that of the CH systems is 1C:1H:0O (Table 1) . 
ELEMENTAL QUANTITATION OF NATURAL ORGANIC MATTER
The carbon nuclei of 2,4-dihydroxybenzoic acid (Fig. 1C) resonate in the 188-172 ppm region (COOH), between 172 and 158 ppm (phenolic carbons), in the 140-127 ppm interval (aromatic C1), in the 116-107 ppm range (C3), and between 107 and 88 ppm (C5 and C6). The stoichiometric ratio of COOH is 1C:1H:2O, that of phenolic carbons is 1C:1H:1O, whereas the quaternary C1 provides a stoichiometric ratio of 1C:0H:0O. Finally, the stoichiometric ratio of the CH-type carbons is 1C:1H:0O (Table 1) .
Sodium dodecyl sulfate (SDS) contains a ÀCH 2 SO 4 Na group resonating in the 78-59 ppm interval (Fig. 1D) . The stoichiometric ratio for this group of atoms is 1C:2H:4O:1S:1Na. The S/O ratio provides a value of 2, whereas the Na/O value is 1.4. The total amount of heteronuclei expressed as amount of oxygen is thus 2+1.4+4=7.4. The corrected stoichiometric ratio of the sulfonate group of SDS is 1C:2H:7.4O ( Table 1 ). The rest of the methylene systems of SDS resonate in the 48-29 ppm (C2), 29-25 ppm (C3-C10), and 25-18 ppm (C11) regions. Their stoichiometric ratios are 1C:2H:0O. Finally, the signal resonating between 18 and 0 ppm is attributed to methyl carbon with a stoichiometric ratio of 1C:3H:0O (Table 1) .
2,4-Dinitrophenol provides a spectrum ( Fig. 1E) with bands centered at 173-155 ppm (C1), 146-138 ppm (C4), 137-127 ppm (C2 and C5), and 127-116 ppm (C3 and C6). C1 is a phenolic carbon and the stoichiometric ratio is 1C:1H:1O (Table 1) . C4 is a C-NO 2 -type carbon, and its stoichiometric ratio is 1C:0H:1N:2O. After correction for the presence of nitrogen, it becomes 1C:0H:2.9O. Both the second nitro-group carbon (C2) and the methinic carbon (C5) resonate in the same spectral region (137-127 ppm), thereby providing an overall stoichiometric ratio of 1C:0.5H:0.5N:1O. After correction for nitrogen, the stoichiometric ratio is reduced to 1C:0.5H:1.4O. Finally, the combination of the C3 and C6 carbons produces a stoichiometric ratio of 1C:1H:0O (Table 1) .
The signal in the 104-81 ppm interval of the spectrum of d-(+)-glucose (Fig. 1F ) was attributed to the anomeric carbon having a stoichiometric ratio of 1C:2H:1O, the resonance in the 81-65 ppm region was assigned to C1-C5 with a stoichiometric ratio of 1C:1.8H:1O, while the 65-57 ppm signal was due to C6 with a ratio of 1C:3H:1O (Table 1) .
The spectrum of 3,4-dihydroxycinnamic acid (Fig. 1G) showed a 181-170 ppm interval assigned to a COOH group with an elemental ratio of 1C:1H:2O, a 170-136 ppm region attributed to the phenolic carbons with a stoichiometric ratio of 1C:1H:0.5O, a 136-124 ppm range due to aromatic quaternary C bound to the olephinic system having an elemental ratio of 1C:0H:0O, and a 124-107 ppm interval provided by both aromatic and olephinic CH with a 1C:1H:0O stoichiometric ratio.
The CPMAS-NMR spectrum of carboxymethylcellulose (Fig. 1H ) revealed a 196-168 ppm band assigned to a COONa group. After correction for the presence of Na, the stoichiometric ratio becomes 1C:0H:3.4O. The signals ranging between 119-93 and 93-48 ppm were attributed to anomeric carbons, and to C2-C6. The elemental ratios for the two regions were 1C:2H:1O, and 1C:1.6H:1O, respectively.
The CPMAS-NMR spectra of HA (Fig. 2) were divided into several regions to which stochiometric factors were assigned according to Mao et al. [14] (Table 1) . The 190-200 ppm interval was attributed to both ketonic (CQO) and aldehydic (HCQO) carbonyls. The elemental sum of the two groups consists of two carbons, two oxygens, and one proton, thereby producing the average stoichiometric ratio of 1C:0.5H:1O. The carboxylic region (162-190 ppm) contains signals assigned to both COOH and COO-R systems, which justify an average elemental ratio of 1C:0.5H:2O. The aromatic region can be separated in three intervals: (1) the 145-162 ppm interval that is assigned to C-O-and C-OH of phenolic groups with an average ratio of 1C:0.5H:1O; (2) the 120-145 ppm range that is attributed to unprotonated aromatic carbons to which only one carbon atom is ascribed; and, (3) the 108-120 ppm region that is attributed to protonated aromatic carbons for which the stoichiometric ratio is 1C:1H. A ratio of 1C:1H:1O was chosen for atoms resonating in the 96-108 ppm region that is normally assigned to anomeric carbons (-O-CH-O-, and CH). Oxidized carbons in sugars (CHOH), alcohols (CH 2 OH), and ethers (CH 2 -O-) resonate in the 60-96 ppm interval, and their average elemental ratio is described by 1C:2.5H:1O. Methoxy (CH 3 O-), methyne (CH, CH-NH), and aliphatic quaternary carbons resonate in the 50-60 ppm spectral region. The average atomic distribution of these groups is the 1C:1.5H:1O:1N ratio. After correction to account for N content, the ratio was 1C:1.5H:1.9O. Complex aliphatic carbons The elemental composition of standard molecules and humic substances was calculated from NMR spectra by applying Eqs. (2)- (5). Figure 3 shows that the elemental composition of standard molecules ( Table 1 experimental measurements. In fact, the values for calculated C, H, and the heteronuclei were linearly related to those experimentally measured by a high significance (R 2 >0.95). The line slopes, which were 1.01, 0.98, and 1.00 for C, H, and heteronuclei, respectively, showed that CPMAS-NMR spectroscopy is perfectly suitable for evaluating the elemental composition of organic molecules of well-known structure. Moreover, this agreement between calculated and experimentally determined elemental composition of standard molecules confirms that the mathematical analysis developed by Mao et al. [14] on deconvoluted DPMAS 13 C NMR can be also applied on non-deconvoluted CPMAS 13 C NMR spectra. 
In order to study the quantitative reliability of CPMAS 13 C NMR spectroscopy on more complex organic matrices, we also applied Eqs. (2)-(5) to the NMR spectra of HA obtained from different sources. As in the case of standard molecules, also the calculated elemental composition of HA accords with that experimentally measured. Linear relations with R 2 > 0:90 for C and for the heteronuclei, and with R 2 >0.80 for H were obtained (Fig. 4) . However, the line slopes were 1.01, 1.14, and 0.95 for C, H, and the heteronuclei, respectively, indicating a slight overestimation of the H content. Both the lower R 2 value and the slight overestimation of the H content in HA as compared to the H correlations for standard molecules may be attributed to the higher chemical complexity of humic matter that prevents either an exact determination of the stoichiometric factors used for calculations or a perfect setting of the NMR acquisition parameters for the HA [14] .
Contrary to the reservations expressed by previous studies on the quantitative reliability of cross-polarized NMR techniques [12-14, 24, 25] , our results suggest that CPMAS 13 C NMR spectroscopy can be used to quantitatively describe the chemical characteristics not only of molecules with a well-known structure, but also of more complex materials, such as humic substances, of which the chemical structure is not known. The advantage of CPMAS 13 C NMR resides in the possibility to make use of rapid variable contact time experiments (4-8 h of acquisition time against a minimum of 25 h needed to acquire a DPMAS spectrum) by which a minimization of errors in the quantitative description of carbon distribution [4, 5, 31] and elemental composition of HA can be achieved. Our findings indicate that the elemental composition of HS is correctly measured by CPMAS-NMR using a VCT pulse sequence and thus demonstrate that the observed NMR carbon is representative of the whole carbon distribution in the HA. In fact, no such good correlation between the elemental composition calculated by NMR and that experimentally measured could be obtained if the CPMAS-NMR spectra had not provided a full visibility of the total carbon content in the HA. 22. R. Spaccini, A. Piccolo, G. Haberhauer, and M. H. Gerzabek, Transformation of organic matter from maize residues into labile and humic fractions of three European soils as revealed by 13 C distribution and CPMAS-NMR spectra, Eur. J. Soil Sci. 51, 583-594 (2000).
